This study investigates the effect of roll surface profile on the centerline segregation of the molten metal (bloom) being solidified in the soft reduction process, where the molten metal (bloom) thickness is reduced consecutively by a set of rolls. The roll surface profiles are convex and flat. Finite element analysis was performed to examine the variations in solidus line contour, the phase state across the bloom cross-section and stress state of the bloom in the mushy zone to the casting direction when high carbon bloom (400 mm in thickness and 500 mm in width) was solidified and plastically deformed at the same time. To verify the finite element analysis results, soft reduction test with an actual bloom caster was also carried out.
Introduction
Continuous casting is a manufacturing process by which molten metal cools down continuously through the primary cooling process (molten metal is partly solidified by a watercooled mold) and the secondary cooling process (the partly solidified molten metal which exits from the mold is cooled again by water and comes contact with a set of rolls). The molten metal is completely solidified as its thickness is reduced slightly by the solidification shrinkage. The solidified metal occasionally has defects such as cracks below their surface and segregation at its central part. The latter defect is called centerline segregation.
Diminishing the centerline segregation in continuous casting process of a high carbon bloom is especially important because this defect causes many problems in the customer's manufacturing processes. For example, the tire cord steel that has centerline segregation can break when it is drawn or stranded. The fatigue life of spring and bearing steel can be decreased due to centerline segregation. The partly solidified molten metal which exits from the mold is called the 'bloom' for convenience hereafter. Kawawa 1) showed that the centerline segregation was formed by macroscopic liquid flow attributed to solidification shrinkage and bloom bulging between a set of rolls lined up one behind another. These rolls play a role to support the walls of the bloom against the ferrostatic pressure of the still-solidifying liquid within the bloom and to reduce somewhat the bloom thickness as well. A process that the bloom thickness is reduced consecutively by a set of rolls is called 'soft reduction process'. In the soft reduction process, the bloom is passed through 8-10 stands in tandem, which is analogous to 'stands' arranged one after another in a roughing mill in an actual rod (or bar) mill. Each stand consists of a pair of rolls (upper roll and lower roll). The thickness of the bloom reduces successively at each stand. The distance between stands is usually 1 000 mm.
Ogibayashi, 2) Fujimura 3) and Nishihara 4) investigated the effect of the soft reduction process on centerline segregation. They found that increasing the amount of thickness reduction to compensate solidification shrinkage interrupted the suction flow of the residual molten metal and subsequently minimized the interdendric liquid flow around the crater. Ayata 5) carried out the various thickness reduction tests for a bloom with a cross section of 300 mm by 400 mm, by using five stands in tandem with flat rolls. They found that the optimal amount of thickness reduction which minimizes the possibility of centerline segregation in the soft reduction process was in the range of 20-30 mm and that a large thickness reduction (greater than 30 mm) induced large internal cracks. Ogibayashi 6) conducted soft reduction tests using three types of rolls which have different surface profiles such as flat, convex and crown to find out the influence of roll surface profile on centerline segregation. Ogibayashi demonstrated that roll surface profile influenced the size variations of the mushy zone and that a convex roll © 2012 ISIJ is very effective to lessen the centerline segregation. The mushy zone indicates a region where dendrites with a columnar structure and the liquid phase coexist during solidification. Previous studies, [1] [2] [3] [4] [5] [6] however, did not provide any explanation how roll surface profiles influence the size variations of the mushy zone and subsequently reduce the amount of centerline segregation.
This study examines how roll surface profiles diminish the centerline segregation by simulating the soft reduction process with finite element method and performing experiment with an actual bloom caster. The roll surface profiles employed in this study are flat and convex. We computed the stress and strain states at the contact area between the roll and bloom; the variations in the solidus line contour; the phase state across the bloom cross-section and the stress state of the bloom in the mushy zone toward the casting direction. We carried out actual soft reduction tests to confirm the FE analysis results. The bloom used in this study is 0.8% carbon steel and is of a rectangular section, 400 mm by 500 mm.
Rolls Used in Soft Reduction Process
Figures 1(a) and 1(b) show two types of rolls, flat and convex, used for investigating the effect of the roll surface profiles on the reduction of centerline segregation in the soft reduction process. The flat roll literally has a plane surface along the roll barrel. The convex roll implies that middle part of the roll slightly bulges outward but the other parts remain flat. Note the outward bulging part is of a plane surface along the roll barrel. Hence, the convex roll has two curved shoulders of R1=40 mm and R2=40 mm. Figures 1(c) and 1(d) illustrate the contact area between the bloom and the flat roll, and that between the bloom and convex roll, respectively. Note that the lower roll acts as the roller table which transports the bloom smoothly, and thus its surface profile is flat. Therefore, the lower roll at the stands in the soft reduction process has a flat surface profile regardless of the surface profile of the upper roll. The upper roll is rotated by a drive motor at a rate of 0.039 rad/sec (casting speed = 0.53 m/min). Meanwhile, the lower roll is rotated in the opposite direction to the upper roll by purely frictional force between the roll and the bloom.
Finite Element Analysis
We used a commercial finite element program, ABAQUS ® , that is suitable for analyzing the non-linear elastic-plastic deformation of metals. The rolls are treated as rigid bodies. We adopted a half FE model with respect to the symmetric plane in the width direction of the bloom to reduce the run time. The explicit integration method 7) was employed and the element type used for the specimen was C3D8R 8) (8-node linear brick, reduced integration with hourglass control). The number of elements used is 9 000. The boundary conditions employed in FE simulation was the same conditions that Moon and Lee 9) adopted for the analysis of hot plate rolling process. The friction at the roll and bloom interface was assumed to obey the Coulomb friction law and the friction coefficient was set to 0.4.
To analyze the heat transfer in the bloom occurring during the continuous casting process, we used the two dimensional transient slice model 10) on the cross-section of bloom. In case of a large bloom casting, the heat conduction along casting direction can be neglected since temperature gradients along thickness and width direction in the bloom crosssection are more dominant. The values of specific heat, thermal conductivity and heat transfer coefficient on different cooling conditions are specified in the Ref. 11).
Flow Stress Equation Used in Finite Element Analysis
As the temperature of the molten metal decreases and falls below the liquidus temperature, the molten metal experiences phase transformation from a liquid state to a mixture state of liquid and dendritic structures; this mixture state is termed the mushy zone. The dendritic structures would grow and cohere together as the solid fraction fs in the mixture increases with the decreasing temperature. When the solid fraction is in the range of 0.6-0.8, dendrite coalescence reaches to a level at which interdendritic flow is extremely constrained. The temperature at which the interdendritic flow becomes quite limited is called zero strength temperature (ZST). The mixture is eventually transformed into a fully solidified metal at a temperature and the solid fraction fs which ranges from 0.98 to 1. This temperature is called zero ductility temperature (ZDT). Then, the strength of the mixture increases as its temperature decreases under ZST. But the ductility of the mixture increases drastically as its temperature decreases under ZDT. Therefore, in the mushy zone between ZST and ZDT, the deformation characteristic of the mixture becomes brittle.
Modeling the deformation behavior of the mixture in the mushy zone is not straightforward because the molten metal in the mushy zone involves flows through complex interdendritic channels. To model the deformation behavior of the mixture, we used the tensile test data 11) of specimens taken from the mushy zone. Equation (1) is flow stress equation expressed as a function of strain, strain rate, solid fraction fs, liquidus viscosity μl, temperature and carbon contents of the where , σ ZDT, σs denotes the effective stress of the bloom, effective stress at a temperature when ductility of the mixture is zero, and the flow stress of fully solidified state.
12)
The parameters in Eq. (1) ... (5) .... (6) β is a strength relaxation parameter varying from 0 (when solid fraction fs = 0) to 1.0 (when fs = 1.0). Tf and Tl are the melting temperature of pure iron and liquidus temperature of bloom, respectively. k is the equilibrium partition ratio of the bloom.
Results and Discussion

Stress and Strain State in the Bloom
The thickness of the bloom generally reduces by 20-30 mm in the soft reduction process, which has 8-10 stands in tandem. Then, thickness reduction at each stand usually ranges from approximately 2 mm to 4 mm. Figure 2 shows the effective strain distributions in the bloom for a single stand when two types of rolls (flat roll and convex roll) are used in the soft reduction process. Bloom thickness 400 mm was reduced to 396 mm. When the bloom was deformed by the flat rolls, the effective strain was the greatest at the subsurface of the bloom located 10 mm below the top and smallest at the bottom. On the other hand, when the bloom was deformed by the convex roll, the effective strain was the greatest at the point where the roll shoulder was in contact with the bloom. The strain distribution produced by the convex rolls in the direction of bloom's thickness becomes more non-uniform than that produced by the flat rolls. Figure 3 presents the equivalent stress distributions in the blooms. The maximum equivalent stress generated by the convex roll is about 90% of that by the flat roll. The reason is that the curved shoulder of the convex roll relieves the stress concentration at the contact area between the bloom and the rolls. The contact area between the convex roll and .
397 2 − the bloom is 84.4% smaller than that between the flat roll and the bloom. So 30% less load is transferred to the convex rolls. It indicates a bloom's thickness can be reduced much more under the same rolling capacity if the convex rolls are used in the soft reduction process. Therefore, the convex roll decreases the energy required in deforming the bloom during soft reduction process. Figure 4 illustrates the computed temperature distribution on the cross-section of the solidifying molten metal, i.e., bloom before it passes through the soft reduction process. Liquidus and solidus temperatures of the bloom are 1 457°C and 1 342°C, respectively. The method proposed by Kawakami 13 ) was adopted to calculate the values of solidus and liquidus temperatures. The solid fraction at the center of bloom is 0.25. The solidus line (fs = 1) has an elliptic shape and the ratio of the major axis length to minor axis length of the solidus line is similar to the aspect ratio of the bloom cross-section. It indicates that there is a sufficient time for heat to diffuse across the bloom cross-section due to a slow solidification rate.
Phase State Across the Bloom Section
Change in the Position of Solidus Line Due to
Reduction Figure 5(a) shows the variation of the solidus line (fs = 1) along the bloom width direction (x-axis) according to the thickness reduction by the flat roll and the convex roll. The change of solidus line by the flat roll is a positive value even though its magnitude is small. This indicates that the mushy zone toward the bloom width direction is under tension and toward the bloom thickness direction is under compression. Meanwhile, the variation of the solidus line by the convex roll is a negative value. This denotes that the mushy zone toward the width direction of the bloom is under compression and at the same time the mushy zone in the bloom thickness direction is also under compression. This implies that the convex roll is much more effective than the flat roll in compensating the solidification shrinkage. These phenomena can be described by a schematic of the change of the solidus line. Figure 5 (b) illustrates a schematic of the shape change of the solidus line and the bloom thickness before and after deformation in case that the bloom is rolled, i.e., deformed, by the flat roll. Note that there is almost no spread and the lower part of the bloom is not deformed during deformation since the bloom thickness (400 mm) is much larger than the thickness reduction (4 mm). Figure 5 (c) demonstrates a schematic of the shape change of the solidus line before and after deformation when the bloom is rolled by the convex roll. In this case, pressure generated by the convex roll compresses the central region only in the bloom section and both sides of the bloom section remain undeformed. In other words, both sides of the bloom section plays as columns which resists the local deformation at the middle of bloom cross-section. Thus, the middle region of the bloom cross-section is compressed and the mushy zone is also under compression in the bloom width direction (x-axis).
Thus we can deduce that the convex roll is more effective than the flat roll in decreasing the mushy zone size and consequently reducing centerline segregation. This result is supported by a previous study.
5) Ayata 5) reported that centerline segregation was reduced as the entire size of solidus line contour and the mushy zone contour was diminished.
Note that mushy zone is compressed in the width direction and the position of solidus line moves toward center of bloom due to reduction (Fig. 5(c) ). In this paper, widthspreading of bloom due to reduction was taken into account in FE analysis. Hence, there is width-spreading when the bloom is rolled by the convex roll as well as the flat roll. To demonstrate the width-spreading of bloom clearly during soft reduction, the edge part of the bloom in the width direction is enlarged significantly (Fig. 5(d) ).
The convex roll profile proposed in this study has two radii along the roll axis for partial reduction of solidified zone. Therefore, when the solidified zone is rolled by the convex roll, the solidified zone is divided into two regions: a middle region deformed by the convex roll and a side region which remains undeformed by just contacting the convex roll. Due to larger roll diameter at the middle of the convex roll, the deformation speed of the middle region along casting direction is higher than that of the side region. Consequently, mushy zone could be shrunk in its width direction even though width-spreading is taken into account in the calculation. Figure 6 shows the variations of the longitudinal (z-axis) stress in the mushy zone over the bloom thickness when the bloom is deformed by the flat roll and the convex roll, respectively. The flat roll produces some tensile stress and small compressive stress. On the other hand, the convex roll generates only compressive stress. The magnitude of compressive stress generated by the convex roll is much larger than that of the flat roll. Ayata 5) reported the subsequent cracking by tensile stress in the high-temperature embrittle region 14) between LIT (liquid impenetrable temperature) (fs = 0.9) and the solidus temperature (fs = 1) in the mushy zone occurs when the thickness reduction is large. Therefore, the thickness reduction by the flat roll should be controlled within an appropriate range depending on the capacity of the continuous casting equipment. Figure 6 illustrates that the mushy zone always has compressive stress when the bloom is deformed by a convex roll. This means that theoretically, tensile stress-induced internal cracks will not occur when the bloom undergoes thickness reduction by the convex roll.
Stress State in the Mushy Zone to the Casting Direction
Experiment
We performed a continuous casting test to examine the effect of the roll surface profile (flat and convex) on centerline segregation. Test was carried out using the No. 2 bloom caster at Pohang Works of POSCO, Korea. The No. 2 bloom caster has a soft reduction process which has eight stands in tandem. The bloom used for the experiment has a rectangular section of 400 mm by 500 mm. In the experiment, the soft reduction process starts when the solid fraction at the centerline is 0.2 and finishes when it is 0.8. Figure 7 illustrates the configuration of the rolls in the soft reduction process, viewed from the side. Figure 7(a) is the conventional configuration of the rolls. The roll surface profile at the eight stands is flat. Figure 7(b) shows the configuration of the rolls designed in this study. The front four stands have flat rolls and the back four stands have convex rolls. This is called the F-C (Flat-Convex) soft reduction sequence. The thickness reduction assigned to each stand was 2 mm and the casting speed was set to 0.53 m/min. Figure 8 shows the effect of the soft reduction sequence type on the centerline segregation of the bloom's crosssection. The centerline segregation generated by the F-C soft reduction sequence was remarkably improved by 87.5% in comparison with that by the conventional soft reduction sequence. This is because the surface geometry of the convex roll compresses the mushy zone effectively during deformation as shown in Fig. 5 . Ayata 5) reported that the optimal amount of thickness reduction that minimizes the by the conventional soft reduction sequence and the F-C soft reduction sequence are shown in Fig. 9 . It shows that centerline segregation, which frequently occurs during the conventional soft reduction sequence, was decreased significantly when the convex rolls are used in the F-C soft reduction sequence.
Concluding Remarks
We have investigated how the roll surface profile (flat or convex) in the soft reduction process diminishes the amount of centerline segregation of a high carbon bloom (400 mm in thickness and 500 mm in width) during continuous casting. The variations in solidus line contour, the phase state across the bloom cross-section, and the stress state of the bloom in the mushy zone in the casting direction were simulated with finite element method. To verify the simulation results, we performed experiments using the No. 2 Bloom Caster at Pohang Works of POSCO. Our conclusions are as follows.
(1) The roll surface profile in the soft reduction process significantly influenced the variations in the solidus line contour on the bloom's cross-section. The solidus line contour is dependent on the centerline segregation ultimately. The convex roll compressed the mushy zone and subsequently compensated the solidification shrinkage of the molten metal efficiently.
(2) Using the convex roll in the soft reduction process was very effective in reducing the centerline segregation. The centerline segregation grade was improved by 87.5%, compared with that of the conventional soft reduction process which does not use the convex roll at all. (3) The tensile stress causing internal cracks across bloom thickness in the middle of the bloom was not produced when the convex roll was used. This indicates that much more reduction might be possible if the convex rolls are used in the soft reduction process.
